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Supernovae (SNe) are copious sources for Kaluza-Klein gravitons which are generic for theories
with large extra dimensions. These massive particles are produced with average velocities ' 0:5 c so
that many of them are gravitationally retained by the SN core. Every neutron star thus has a halo
of KK gravitons which decay into , e+e− and γγ on time scales ' 109 years. The EGRET γ-flux
limits (Eγ ' 100 MeV) for nearby neutron stars constrain the compactication scale for n = 2 extra
dimensions to M >∼ 500 TeV, and M >∼ 30 TeV for n = 3. The upcoming GLAST satellite is a
factor ' 30 more sensitive and thus may detect KK decays, for example at the nearby neutron star
RX J185635{3754. The requirement that neutron stars are not excessively heated by KK decays
implies M >∼ 1600 TeV for n = 2, and M >∼ 60 TeV for n = 3.
PACS numbers: 11.10.Kk, 98.70.Vc, 12.10.{g
Introduction.|Theories with large extra dimensions
are a widely discussed alternative to solve the hierarchy
problem of particle physics [1{5]. Apart from cosmol-
ogy [6,7], the most restrictive limits on the size of the
extra dimensions derive from astrophysical arguments.
The existence of Kaluza-Klein gravitons, particles with
an essentially continuous spectrum of masses, is a generic
feature of the new theory. Even though the KK states
couple with the strength of ordinary gravitons, the large
number of modes implies that stars are copious sources
for these particles [8]. Until recently, the most restrictive
limit derived from the requirement that the SN 1987A
neutrino signal was not unduly shortened by the energy
loss from KK gravitons, i.e. the requirement that the
fraction of energy carried away by these particles obeys
fKK < 0:5 [9{12]. For n = 2 or 3 extra dimensions, this
constraint translates into limits on the compactication
scale M summarized in Table I. (One extra dimension is
already excluded by other arguments.)
We recently obtained much more restrictive limits
when taking KK graviton decays into account [13]. Most
of the KK states are produced with masses near the kine-
matical threshold. For a SN core with T ’ 30 MeV
this implies m ’ 100 MeV so that the only decay chan-
nels are , e+e− and γγ with 2γ = 12e+e− = ¯ ’
6  109 yr (m=100 MeV)−3 [4]. The cosmic γ-ray back-
ground measured by the EGRET satellite then yields the
limits shown in Table I, using all SNe in the universe as
sources. Of course, this argument depends on the as-
sumption that there are no fast invisible decay channels
into other KK excitations (this could be the case for non-
toroidal compactication [14]), and also that the graviton
emission is not suppressed as in some models [15].
We presently show that even more restrictive con-
straints can be obtained by using the EGRET γ-ray lim-
its for young nearby SN remnants such as Cas A, and
more importantly, from nearby neutron stars. The for-
mer case is a straightforward extension of our previous
limits, except that we use a specic nearby SN remnant
as a source. For SN 1987A the resulting limits are less re-
strictive because of its relatively large distance of 50 kpc.
For a closer-by case such as Cas A (3:4 kpc) which ex-
ploded about 320 years ago, the limits are comparable to
the cosmic case. The key ingredient of this argument is
that even 320 years after the explosion the decay photons
come from the direction of Cas A within the EGRET an-
gular resolution.
The kinetic energy of the thermally produced KK
gravitons is small so that a large fraction of those pro-
duced in the hot inner SN core remain gravitationally
trapped. Therefore, every neutron star is surrounded by
a halo of KK gravitons which is dark except for the de-
cays into ’ 100 MeV neutrinos, e+e− pairs and γ-rays.
TABLE I. Constraints from SNe and neutron stars.
Observation & Object fmaxKK M
min [TeV]
n = 2 n = 3 n = 2 n = 3
Neutrino signal
SN 1987A [9{12] 0.5 0.5 31 2.75
EGRET γ-ray limits
Cosmic SNe [13] 0:5 × 10−2 0:5 × 10−2 84 7
Cas A 0:8 × 10−2 0:3 × 10−2 87 8
PSR J0953+0755 2:2 × 10−5 0:9 × 10−5 360 22
RX J185635{3754 0:5 × 10−5 1:8 × 10−6 540 31
Neutron star excess heat
PSR J0953+0755 0:5 × 10−7 0:5 × 10−7 1680 60
GLAST γ-ray sensitivity
RX J185635{3754 1× 10−7 0:5 × 10−7 1300 60
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Since neutron stars are observed as close as 60 pc, one
gains a huge flux factor relative to Cas A, considerably
improving the previous limits.
An interesting aspect of this chain of arguments is that
future γ-ray telescopes such as GLAST are actually in a
position to nd a signature for KK graviton decays from
nearby neutron stars.
However, this possibility may be somewhat marginal
in view of yet more restrictive limits. The KK decays in
and around the neutron star provide a heat source which
prevents its cooling below a level where its thermal emis-
sion is comparable to the KK heating. The low measured
luminosity of some pulsars suggests a KK heating rate
so low that GLAST may be just about able to detect
KK decays at the close neutron star RX J185635{3754.
Supernova remnant Cas A.|We begin with the simple
case of Cas A which is thought to be the remnant of
Flamsteed’s supernova of 1680. Recently the CHANDRA
x-ray satellite has unambiguously observed the compact
remnant, a non-pulsing thermal x-ray source [16], so that
Cas A is indeed the remnant of a core-collapse SN. At a
distance of 3.4 kpc it is the closest of the historical core-
collapse SNe except for the Crab (2 kpc) which, however,
is a strong EGRET source and as such less useful to place
γ-ray limits on KK decays.
The EGRET experiment on the Compton Gamma Ray
Observatory has made a full sky survey for γ-ray sources
in the 30 MeV{10 GeV range [17{19]. No source was
detected close to the site of Cas A, implying a point-
source flux limit of
E>100MeV < 5 10−8 cm−2 s−1: (1)
Photons in this energy band would have come from gravi-
ton decays with m > 200 MeV. Assuming a SN core
temperature of 30 MeV, KK gravitons in this mass range
would have been produced with an average velocity of
’ 0:5 c, and those which escape the gravitational po-
tential would end up being much slower. Therefore, in
320 years the KK graviton cloud would have expanded
no further than about 150 lyr or 50 pc, corresponding
to an angular extent of about 1:5. Since the EGRET
beam width at these energies is about 5, the KK cloud
is indeed equivalent to a point source.














where z = Eγ=T with T the average temperature of the
protoneutron star and Γ(z) the decay rate of gravitons
with the mass m = 2Eγ . ETOT is the total energy emit-
ted by the SN, taken to be 3  1053 erg, and fKK the
fraction emitted in the form of KK gravitons. hEKKi
is the mean KK energy, dN
dz the normalized photon dis-
tribution, and d the distance to the source. Further,
T30 = T=30 MeV and  = hEKKi=T , where  = 4:25
for n = 2 and  = 5:42 for n = 3. We neglect the ki-
netic energy of the KK gravitons so that Eγ = m=2, and
we also neglect the Lorentz factor in the decay lifetime.
These approximations have no signicant impact on our
results. The relevant emission process is nucleon brems-
strahlung N + N ! N + N + KK; we use the emission
rate provided in [11].
Assuming an average temperature T = 30 MeV for the
SN core, the γ luminosity of the KK cloud of Cas A is
about fKK 1:0  104 L for n = 2 and fKK 2:0  104 L
for n = 3. The expected γ flux at Earth is
E>100MeV = fKK 
{
6:0 10−6 cm−2 s−1 for n = 2,
1:6 10−5 cm−2 s−1 for n = 3.
(3)
Comparing this with the EGRET limit of Eq. (1) con-
strains fKK and the compactication scale at a compa-
rable level to the cosmic SNe (Table I).
Neutron Stars.|The gravitational potential at the sur-
face of a neutron star with mass M and radius R is
R = −GNM=R = −0:154 (M=M) (10 km=R). The es-









This is similar to the average speed of the thermally pro-
duced KK gravitons so that a SN core retains a large
fraction of these particles within a halo of geometric di-
mensions of a few R. This halo will continue to shine in
γ-rays from KK decay even a long time after the original
SN explosion.
In order to calculate the expected flux we use Eq. (2),
taking into account two additional factors. One is F (z),
the fraction of KK-gravitons trapped close to the neutron
star, which depends on the KK-mass and thus on z. To
calculate F (z) we used R = 12 km and M = 1:4M,
corresponding to an escape velocity of 0.59c. In Fig. 1
we show F (z) as a function of z. Note that it depends
on z, but not on n. The dierential energy-loss rate as
a function of z = Eγ=T was shown in Fig. 1 of [13].
Depending on n it peaks for z = 2{4, implying an average
retention fraction of about 1/2.
A second eect is that for old pulsars many of the
gravitons have decayed already, reducing the present-
day source strength. Therefore, the second factor is
exp(−tNS=(z)) with (z) the total lifetime of the rel-
evant KK mode and tNS the age of the neutron star.
Based on this reasoning we show in Table II the limits
on fKK obtained from several nearby neutron stars. The
closest and youngest case, RX J185635{3754, is a non-
pulsing, thermal x-ray source. The parallax of the optical
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FIG. 1. The trapping fraction of KK-gravitons, F (z),
shown as a function of z.
TABLE II. Constraints on fKK from nearby neutron stars.
Object Ref. d tNS f
max
KK × 105
[kpc] [106 yr] n = 2 n = 3
RX J185635{3754 [20] 0.06 1.2 0.48 0.18
PSR J0108{1431 [21] 0.1 160 5.3 2.4
PSR J0953+0755 [22] 0.12 17 2.2 0.89
PSR J1932+1059 [23] 0.17 3.1 3.8 1.5
counterpart has been measured, yielding a distance of
60 pc. The closest EGRET source to this neutron star
is 3EG J1847-3219 at an angular distance of about 6:2,
far enough away to allow for useful γ-ray limits. We have
not used PSR J0437{4715 [24] (d = 0:14 kpc) because it
is very old so that much of the original KK population
would have decayed already.
The limits from all of these neutron stars are compa-
rable so that one need not rely on any particular case
for an approximate overall constraint on large extra di-
mensions. For the two most restrictive cases we give the
corresponding limits on the compactication scale in Ta-
ble I. These are by far the most restrictive limits on large
extra dimensions.
The GLAST γ-ray satellite [25], to be launched in
2006, will have a point-source flux sensitivity of ’ 1:5
10−9 cm−2 s−1. For the neutron star RX J185635{3754
this corresponds to a detection limit of fKK ’ 10−7 for
n = 2 and ’ 0:5  10−7 for n = 3. Using fKK = 10−7
we show in Fig. 2 the expected γ-ray flux if the average
SN core temperature was 30 MeV.
Neutron star heating by KK-decays.|Several older,
isolated neutron stars seem to have surface tempera-
tures much higher than expected in standard cooling
models [26,27]. The pulsars PSR J0953+0755 and PSR
J1932+1059 have both been observed with the HST and
radiation has been detected which is interpreted as al-
most thermal emission from the neutron star surface. In
FIG. 2. The γ-flux from RX J185635-3754 for fKK = 10
−7
and an assumed SN core temperature of 30 MeV.
particular for PSR J0953+0755 the surface temperature
is tightly constrained to be T = (7  1)  104 K. Stan-
dard cooling models predict a much lower temperature
for a neutron star of this age. Several models have been
proposed to explain this excess heating which appears to
be of order 10−5L [27]. One promising explanation in-
volves friction between the crust of the neutron star and
the superfluid interior as an internal heat source.
However, the excess heat can also be generated by the
cloud of KK-gravitons surrounding the neutron star. A
flux of γ-rays, electrons, positrons, and neutrinos con-
tinuously hit the neutron star and heat it. (Note that
a neutron star is not transparent for neutrinos in the
100 MeV range. Note also that the charged particles
may be channelled to the polar caps by magnetic elds.)
In Fig. 3 we show the estimated heating rate from KK-
decays as a function of the neutron star age. The heat-
ing rates plotted in the gure only include heating by
gamma-rays, not electrons, positrons, and neutrinos, so
that the true heating rate could be higher by a factor of a
few. PSR J0953+0755 is quite young and the energy de-
posited on the neutron star is therefore 200{300 LfKK.
For the heating not to exceed the observed luminosity
one would need to require fKK < 5  10−8, by far the
most restrictive limit. We stress that the exact num-
ber is uncertain within a factor of a few, both because
the calculation of neutron star heating by KK-decays in-
volves some uncertainties, and because the temperature
measurement of the neutron star could be more uncer-
tain than the quoted error bars. Even so, the bound from
considering neutron star heating is much more restrictive
than the EGRET limit.
Interestingly, this result implies that if neutron-star
heating is indeed due to KK-decays, then the relevant
level of KK emission from a SN core is where the GLAST
satellite may just about observe KK decays directly from
RX J185635{3754.
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FIG. 3. The heating luminosity of a neutron star due to
KK-decays as a function of age.
Summary.|A large fraction of the KK gravitons pro-
duced by a SN core are gravitationally retained in a
cloud surrounding the neutron star. The decay time of
these particles is of order 109 years, the dominant modes
have masses of order 100 MeV. Therefore, neutron stars
should shine brightly in 100 MeV γ rays, contrary to ob-
servations with the EGRET satellite, allowing us to de-
rive the most restrictive limits on large extra dimensions.
In addition, the excess heating of neutron stars caused by
the KK cloud prevents neutron stars from cooling below
a certain temperature. The observed low luminosity of
neutron stars provides even more restrictive limits on the
compactication scale. However, it is still possible that
the future GLAST satellite will observe 100 MeV γ-rays
from nearby neutron stars such as RX J185635{3754 and
thereby establish a signature for large extra dimensions.
For n = 2 our present limits M > 500{1600 TeV put
the compactication scale far above the weak unication
scale. If large extra dimensions solve the hierarchy prob-
lem, M should not exceed 10{100 TeV, a requirement
which already excludes the n = 1 case. Our new limits
suggest that the n = 2 case is also no longer plausible,
and even n = 3 now seems less appealing. Of course, our
limits for n > 1 only apply for a situation where all extra
dimensions have the same compactication radius. In the
general case the bounds could be much less restrictive.
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